This paper addresses the subject of stationary and non-stationary voltage disturbance problems in electric power system. The modified binary-tree wavelet decomposition technique with an appropriate wavelet filter is introduced as a powerful tool for detecting, classifying, and quantifying the voltage disturbances. Power quality (PQ) indices in terms of total rms, rms of individual frequency bands, duration of disturbance, and their dependent quantities such as voltage magnitude of disturbance and harmonic distortion can be measured directly from the wavelet transform coefficients. The proposed technique is simple, provides accurate value of PQ indices, and enables to discriminate among the type of similar voltage disturbance events. The proposed technique is validated by its application to various disturbance data and the measurement results, such as rms and harmonic distortion, are further compared with those obtained from the time domain and frequency domain methods.
Introduction
with a specific wavelet filter used. However, most of the works using these techniques deal with detection of disturbances(1)(3)(6) (7), and some include the classification purposes (2)(4) (10), but none is intended to include the quantification purposes. Moreover, CWT techniques are criticized due to their computational redundancy and they are often difficult to be implemented in realtime system. DWT techniques are not suitable for harmonic analysis, because the resulted frequency bands do not have the same width and the results do not give easy insight in the time behavior of the harmonics (9) . In addition, the choice of which wavelet to use in PQ monitoring system also plays an important role(11), because the wavelet affects the accuracy of PQ indices, such as rms, harmonic distortion, and voltage magnitude of disturbances. A technique to detect, classify, and quantify voltage disturbances is proposed. The technique is based on binary-tree wavelet transform which has been modified to fit the monitoring requirements, and an appropriate wavelet filter has been chosen to yield good quantification. As compared with the recent PQ monitoring system as illustrated in reference [2] and in reference [10] which used respectively the DWT and the CWT, the proposed technique (1) enables harmonic analysis, (2) provides more easy measurement and accurate value of PQ indices, and (3) can be used mainly for both stationary and non-stationary disturbances, besides the ability to discriminate among the type of similar disturbance events.
This paper starts with a brief introduction to binarytree wavelet theory and it is followed by the rms measurement in wavelet domain. The calculation of magnitude of disturbance and harmonic distortion indices is also presented. The proposed technique is evaluated to several voltage disturbance data with stationary (harmonics and flat-top) and non-stationary (sag, swell, and where i is the node number, j is the decomposition level, andh(n) and g(n) are a pair of quadrature mirror filters (QMFs). The wavelet transform coefficients of a given time domain function f (t) at the jth level and kth point are computed via the following recursion relations:
Later, the function f (t) represents voltage or current waveform. The orthogonal wavelet transform satisfies the following properties(12):
Binary-tree wavelet decomposition is depicted in Fig. 1 . Let the original waveform has 2N points. The wavelet transform coefficient d2ij(k) is obtained by convolving the sequence dij-1(k) with low-pass filter h(n), and then downsampling by a factor of two (3). The coefficient at d2ij+1(k) is obtained in similar manner but by convolving with high-pass filter g(n). Number of nodes or bands at jth level is 2j, and every node has 2N-j points or coefficients. The reconstruction for each band has a reversal process which includes upsampling by a factor of two and filtering. Each tree represents the the signal decomposition as illustrated in Fig. 1 (2) . Later, in the Section 5, node 0 is the lowest band of the original waveform and includes the fundamental frequency component, nodes 1 to 7 include the waveform of individual band odd harmonics up to 15th component, and nodes 1* to 2* cover the waveforms of successively higher harmonics. Note that one may easily modify the binary-tree wavelet structure to another scheme if one would treat other individual frequencies of interest which may appear in disturbances other than the disturbances analyzed in this paper. For instance, if one is interested in the frequencies higher than the 15th component, one may expand the node(s) 2* and/or 1* to the higher level of decomposition to produce more children nodes until these nodes cover individual frequencies of interest.
Choice of Wavelets
The choice of wavelets plays an important role in PQ analysis. It depends strongly on particular applications. For detection and localization of short and fast (transient) disturbances, shorter filters (such as Daubechies4 and Daubechies6) are better, while for slow transient disturbances, long filters (such as Daubechies8 and Daubechies10) are particularly good(1)(3)(13). However, when the accurate measurements/quantifications are concerned, the filters which have good frequency separation are required (11) . Long filters generally have better frequency separation and lower distortion than shorter filters.
The use of Daubechies family filters for detection and localization using a short filter has been exploited in references [1] , [3] , [4] , and [6] . Another filter family, that is Morlet filter, for detection and localization is explained in reference [7] . References [2] and [10] are worth reading to know the application of, respectively, Daubechies and Chaari wavelet filters to both detection and classification. Furthermore, a brief comparison between short and long filters in the same Daubechies family for slow transient and oscillating waveforms can be read in reference [8] . It is worth noting that the previous authors applied a specific filter to a specific application. Meaning that a filter which is good for one purpose most probably it will not be good for other purposes. Therefore, if one is interested to use one type of filter for several purposes (in the present case is for: (1) detection and localization, (2) classification, and (3) quantification), one should select a compromise filter for these purposes. To simplify this formidable task, we employ one type of wavelet filter for whole type of disturbances. The Vaidyanathan filter with 24 coefficients is used in the analysis. This filter is categorized as a long filter, so that it is useful for detecting slow transient disturbances (1)(8)(13) and, because this filter has good frequency separation (12) , it is also good for quantification purpose (11)The coefficients of this filter can be found in reference [12] .
Power Quality Indices Measurements
To classify the type of disturbances and quantify the PQ indices (such as total rms, rms value of individual frequency bands, harmonic distortion, and voltage magnitude during disturbance), the measurement of rms value with respect to individual bands, the magnitude of disturbance, and the harmonic distortion index is derived.
3.1 RMS Measurement in Wavelet Domain Consider the 5-level binary-tree scheme as depicted in Fig. 2 , and let v(t) be the voltage waveform during the observation period T with the total length of 2N points. In the wavelet theory, any time domain waveform can be expanded as a linear combination of weighted sums of wavelet functions fi(t) (12) (14)Hence, the voltage v(t) can be represented in wavelet domain as where di5(k), i = 0,1,..., 7, is the wavelet transform coefficients at j = 5, and d1j(k) is the coefficients at node 1* if j=1 or at node 2* if j = 2.
The rms of voltage (Vans) can be derived using (6) based on the wavelet properties in (5) as follows (11):
, and
•çƒÕi5 ,k(t)ƒÕ1j,k(t)dt = 0, therefore, the equation above can be simplified to
The (total) rms of v(t) in the time domain, according to IEEE Std. 100-88, is then, by substituting (7) to (8) and T = 2N, the total rms in the wavelet domain is
Here, VS is the rms value of the band at j = 5 and node i, and V.-is the rms value of the band at node 1* if j=1 or at node 2* if j=2.
Voltage Magnitude of Disturbance
The essence of non-stationary disturbances, such as sag, swell, and momentary interruption, is the sudden change of magnitude of the fundamental frequency for more than 0.5 cycles(2). When the absolute minima or maxima falls within 10-90% of its nominal voltage, a sag disturbance is then declared. Swell disturbance occurs when the voltage magnitude increases to more than 10% of its nominal voltage. Momentary interruption is similar to the sag disturbance but occurs when the voltage magnitude is less than 10% of its nominal voltage. Since nominal voltage is particulary related to the fundamental frequency component, the non-stationary disturbances are identified by measuring the voltage rms at the lowest band (node 0). The voltage magnitude (Vm) during the disturbance is quantified using a simple formulation as follows (see Appendix) where Vo is the voltage rms in p.u. at the lowest band (that is VS at i = 0), w is the fundamental angular frequency, and T1 is the duration of disturbance which is obtained from the localization property at either node 1* or node 2*.
Total Harmonic Band Distortion
The harmonic distortion index in term of total harmonic band distortion (THBD) can be calculated directly using wavelet transform coefficients associated with the voltage waveform as written in (9) . We put the word 'band' in the THBD because the binary -tree wavelet transform can not extract any single frequency component. Rather, this transform brings a frequency band around the frequency of interest. The THBD is defined as the ratio of the rms value of all frequency (harmonic) bands, except of the lowest band, to the rms value of the original distorted waveform: 4 Normal Condition: Although this waveform is not a disturbance, but it will be used as a comparison. The waveform under normal condition is shown in Fig. 3 . The top panel shows the original waveform, the horizontal bars at the bottom right panel indicate the distribution of rms with respect to the individual bands (we call this as the 'distribution panel'), and the bottom left panel is the time-frequency panel which displays the reconstructed waveform associated with the wavelet transform coefficients of the individual bands. The voltage under normal condition is almost pure sine wave of fundamental frequency as indicated by very small harmonic contents. The rms value of the fundamental frequency at node 0 is 1 p.u. The proposed technique provides no error in total rms value while the FFT method does. These prove that the quantification results using the proposed technique are accurate.
Flat-top Waveform:
The flat-top waveform is shown in Fig. 5 . This waveform, like the harmonic dis- Voltage Sag: The sag waveform is shown in Fig. 6 . The sag initiation and at voltage recovery are detected and localized at nodes 1* and 2*. The other nodes also show the same phenomena. However, only node 1* or node 2* is used to estimate the interval of the sag. This interval is achieved by taking the time of the peaks of waveform at either node 1* or node 2*. In this disturbance, we simply use the peaks at node 2*, and the interval is found to be about T1 = 68.36 ms. Since the waveform is non-stationary, the harmonics in the timefrequency panel are also time-variant. The rms value during the observation period at the lowest band is significantly reduced as seen in the distribution panel. The voltage magnitude during the sag is calculated using (10) and it is about 0.7521 p.u., whereas if it is measured directly by tracking the sag waveform at the lowest band in the time-frequency panel the magnitude is 0.7616 p.u. The quantity of rms and THBD is shown in 
